M
itochondrial myopathies are often associated with point mutations in mitochondrial DNA (mtDNA), and are usually maternally inherited. However, they may also present as an isolated myopathy, often with ptosis and ophthalmoparesis, 1 or with isolated exercise intolerance. 2 In eight patients with exercise intolerance described by us in 1999, 2 there was no evidence of maternal inheritance, muscle histochemistry showed cytochrome c oxidase (COX) positive ragged red fibres, biochemistry showed complex III deficiency, and molecular genetic analysis revealed different mutations in the mitochondrial cytochrome b gene (CYB). Several other patients with lifelong exercise intolerance harboured mutations in other mtDNA protein coding genes. 3 Characteristically, these mutations are not maternally inherited and are abundant (more than 90%) in skeletal muscle, where they coexist with smaller amounts of wild type mtDNA genomes. As a rule, the mutations are not present in other tissues and, surprisingly, are not found in cultured myoblasts, indicating that they are somatic mutations of skeletal muscle. However, the mechanism by which these mutations accumulate in muscle remains unknown.
As the clinical presentation of all patients (lifelong progression of clinical symptoms), suggested that the molecular defect may accumulate over time, we looked for duplications in the D-loop as putative sources of replication advantage or disadvantage for mutant mtDNAs. Here, we report our findings in 10 patients harbouring different mtDNA mutations restricted to skeletal muscle; 5 patients with point mutations and 5 with single deletions. In all five patients with point mutations, we identified a 652 bp duplication in the mtDNA control region, which altered the promoter and replication elements. The duplication was restricted to skeletal muscle mtDNA, and analysis of subcloned PCR fragments encompassing both the site of the point mutation and the region of the duplication suggested that the duplication segregates independently from the point mutation. Our results suggest that the duplication is present only in the non-mutated molecules and confers a replicative disadvantage to wild type mtDNA, leading to the accumulation of mutated mtDNA molecules in skeletal muscle. Alternatively, this duplication may be a marker for the presence of skeletal muscle specific mutations in the mitochondrial genome.
METHODS

Patients
We studied 10 patients harbouring either pathogenic point mutations or single deletions restricted to skeletal muscle mtDNA. Five patients with lifelong exercise intolerance had point mutations: three in CYB (G15168A, G14846A, and G15084A), 2 one in COXI (G5920A), 4 and one in the tRNALeu CUN gene (G12334A). 5 Five patients had chronic progressive external ophthalmoplegia and myopathy associated with skeletal muscle restricted single deletions of mtDNA. A large series of control DNAs from human skeletal muscle from our DNA bank (36 individuals) was included in the study to check for the presence of the duplication in normal population.
Duplication assessment
Because the amounts of tissues were insufficient for Southern blot analysis, duplications were assessed by a ''back to back'' PCR approach, which, with appropriate controls, has high sensitivity. The forward primer covered nucleotides 6162635, and the reverse covered nt 599-580. PCR conditions were those described by Wei et al: 6 an initial cycle at 94˚C for 3 minutes, 55˚C for 3 minutes, and 72˚C for 1 minute, followed by 30 cycles at 94˚C for 40 seconds, 55˚C for 40 seconds, and 72˚C for 50 seconds. Furthermore, we coamplified a downstream fragment of 1201 bp from an unaffected region of the mtDNA (forward primer, nt 14687214706; reverse primer, nt 15887215868), using blood DNA and a mixture of blood and muscle DNA for all patients, both as internal control and to rule out the possibility of amplifying a nuclear pseudogene.
The PCR products were subjected to electrophoresis through a 1% agarose gel and stained with ethidium bromide. The duplicated fragment was mapped by sequencing analysis of the amplified fragment. In two patients (those harbouring N We identified the same 652 nucleotide duplication in skeletal muscle from all five patients with point mutations. Moreover, the duplication was not present in a large series of control samples from human skeletal muscle. Subcloning analysis of PCR fragments encompassing both the duplication and the site of the point mutation suggested that each defect segregated independently.
N We propose that this duplication may be a marker for skeletal muscle restricted mutations in mtDNA and that it may play a key role in the accumulation of mutated mitochondrial DNA in these patients.
CYB mutations in G14846A and G15084A), the PCR product was subcloned and analysed. Briefly, PCR products were ligated into the pGEM-T vector and subcloned using the pGEM-T Easy vector system (Promega Corporation, Madison, WI, USA) in Escherichia coli JM109 cells. Cells were grown in selective medium, and individual colonies were cultured independently. Cloned plasmids were purified and sequenced by standard procedures. Fifty three clones for the G15846A patient and 48 clones for the G15084A patient were sequenced to exclude the presence of the duplication in the point mutated molecules.
To distinguish between the segregation of mutations and duplications, we performed PCR for the patients with CYB mutations followed by sequencing of an mtDNA fragment encompassing both the site of the CYB mutation and the segment of the control region that is duplicated. For these patients, a 2.9 kb PCR fragment was amplified (forward: nt 14687-15705, reverse: nt 1043-1024) with the following conditions: 10 cycles at 95˚C for 2.5 minutes, 92˚C for 20 seconds, and 68˚C for 10 minutes, followed by 20 cycles at 92˚C for 24 seconds, 68˚C for 12 minutes, and 72˚C for 10 minutes.
RESULTS
All five patients with skeletal muscle restricted point mutations also harboured the same 652 bp duplication in the control region (fig 1) . The duplication was present only in skeletal muscle DNA and it was absent in blood, where only the wild type band was detectable, ruling out the possibility that we had amplified a nuclear pseudogene (fig 1) . In contrast, the duplication was absent in muscle mtDNA from all five patients harbouring single deletions. Mapping analysis showed that the duplication was flanked by a tandem repeat (CCCCCTCCCC) at positions nt 305-314 and nt 956-965. By the same back to back PCR approach, we failed to identify other known duplications in the D-loop, suggesting a remarkable specificity for the 652 bp duplication.
Moreover, sequence analysis of PCR products encompassing both the area of the duplication and the site of the point mutation showed that mutated molecules did not harbour the duplication, suggesting that each defect segregated independently. Subcloning analysis of PCR fragments in two patients who harboured point mutations in the CYB gene failed to identify any duplicated molecule. In addition, the 652 bp duplication was not identified in a large series of 36 control skeletal muscle DNAs from our DNA bank, suggesting a remarkable specificity of the duplication for the skeletal muscle of patients with point mutations in their mitochondrial genome.
DISCUSSION
Tandem duplications of mtDNA regions have been associated with large scale deletions in patients with Kearns-Sayre syndrome, Pearson syndrome, and myopathy with diabetes. 7 Duplications in mtDNA have also been described in healthy subjects 9 and as early molecular events in human ageing. 6 8 Wei et al identified 10 types (I2X) of tandem duplications in the mtDNA D-loop, defined by their location and sequence, 6 and the 652 bp duplication corresponds to Wei's type IV. Interestingly, all our patients were negative for duplications other than the 652 bp, and this was found only in patients harbouring point mutations restricted to skeletal muscle mtDNA (fig 1) .
To assess whether the duplication was associated with other pathogenic mtDNA mutations in muscle, we studied five patients harbouring single deletions restricted to muscle mtDNA; none harboured the duplication in their mitochondrial genomes. Moreover, an extensive study of the duplication in ''normal'' human skeletal muscle (36 individuals) failed to detect its presence, strongly suggesting that this duplication is highly specific for human muscle harbouring point mutations in the mitochondrial genome.
PCR analysis of fragments encompassing both the point mutation site and the duplication region showed that point mutations and duplication segregated independently. However, the coexistence of a muscle restricted 652 bp duplication in pathogenic mutations restricted to the D-loop and muscle suggests that the two alterations may be related. A similar association was reported in the first patient with a CYB mutation, 10 who harboured a 200 bp D-loop duplication. The authors suggested that the duplication might have resulted from free radical mediated single strand breaks in mtDNA secondary to respiratory chain dysfunction. 10 However, the observation of an identical skeletal muscle restricted 652 bp duplication in the control region of our patients suggests that the duplication may somehow be related to the high amounts of mutated genomes in these patients' muscle. A first hypothesis is that duplications in muscle with abundant mutations create a replicative advantage for the mutated molecules. However, analysis of PCR fragments encompassing both the point mutation and the duplication sites showed only the point mutation, suggesting that the duplication is not in the mutated but in the wild type molecule. Unfortunately, the structure of the duplication junction (CCCCCTCCCCCGC) makes it very difficult to design primers to assess whether the duplicated molecules also harbour the point mutation. However, subcloning results for the two patients harbouring CYB mutations support the idea that the duplication is present only in wild type molecules. The presence of a duplicated D-loop in the wild type mtDNA in these patients may have important consequences in terms of the accumulation of mutated mtDNA. We propose a scenario in which duplications and mutations do coexist during the first cycles of replication of mtDNA in myotubes. Wild type molecules would harbour the D-loop duplication, while point mutated molecules would harbour ''normal'' Dloops. Therefore, the accumulation of the point mutation in muscle would be due to replicative disadvantatge of the wild type DNA rather than replicative advantage of the point mutated genomes. This hypothesis would be consistent with the structure of the D-loop resulting from the duplication (fig 2) . The 652 nt duplication encompasses the conserved sequence boxes 2 and 3 (CSB2 and CSB3) and, notably, the replication primer sequence at the L-strand promoter. As the structure of this domain has to be conserved for replication to occur, the duplication may result in replicative dysfunction.
This hypothetical scenario is also consistent with the clinical presentation of patients harbouring skeletal muscle restricted mutations in mtDNA, because the course of the myopathy is slowly progressive, as expected if mutations accumulate gradually during successive replication cycles of mtDNA. However, we cannot exclude that duplications other than the 652 bp seen in our patients might also imbalance Figure 1 Identification of duplication in patients with mitochondrial myopathy. DNA from patients' muscle showed two bands, the wild type 1201 bp mtDNA and a lower band corresponding to the 652 bp duplication. DNA from the patients' blood did not have the 652 bp band. M1R4, patients' muscle plus blood; B1R4, patients' blood; C, control muscle; M, molecular marker.
the replication rate of mtDNA in muscle. This could be true for the 200 bp duplication identified in the patient harbouring the G15615A mutation. 10 There is also an important consequence from a clinical research point of view. As the 652 bp duplication seems to be remarkably specific for point mutations in skeletal muscle (it has not been detected in a large series of human skeletal muscles), it could be used as a rapid and inexpensive method for the screening of skeletal muscle when a mtDNA mutation is suspected. In conclusion, the presence of partially duplicated mtDNA genomes should be further studied to evaluate their role in the accumulation of mutant mtDNAs associated with lifelong exercise intolerance. Figure 2 Structure of the duplicated region. H1, major H-strand promoter; H2, minor H-strand promoter; L, Lstrand promoter; Oh, H-strand origin of replication; CSB 1, 2, and 3, conserved sequence boxes 1, 2, and 3. The rearrangement leads to a duplication of the promoters for the H-and L-strands, whereas the major origin of replication is conserved. There is also complete duplication of the tRNAPhe gene and partial duplication of the 12S rRNA gene.
